Citation: Martinez-de-la-Casa JM, Cifuentes-Canorea P, Berrozpe C, et al. Diagnostic ability of macular nerve fiber layer thickness using new segmentation software in glaucoma suspects. Invest Ophthalmol Vis Sci. 2014;55:8343-8348. DOI DOI:10. 1167/iovs.14-15501 PURPOSE. To assess the capacity of internal retinal layer thickness measurements made at the macula using new spectral-domain optical coherence tomography (OCT) software to distinguish between healthy subjects and those with suspected glaucoma. The diagnostic performance of such measurements also was compared with that of conventional peripapillary retinal nerve fiber layer (RNFL) thickness measurements.
G laucoma is a disease of multifactorial etiology characterized by a gradual loss of retinal ganglion cells (RGCs) produced by damage to their axons inside the optic nerve head. 1, 2 If left untreated, glaucoma can lead to irreversible vision loss and is one of the leading causes of blindness in developed countries. 3 Diagnostic tools for glaucoma have sought to detect the disease at its earliest stages, with the objective of delaying disease progression to avoid, in the measure possible, vision loss and its effects on the quality of life of affected patients. 4 Traditionally, stereo-and red-free photographs have been used to examine the state of the optic nerve and retinal nerve fiber layer (RNFL). Although this method is still considered the gold standard, the interpretation of photographs has a subjective component and shows high intra-and interobserver variability. 5, 6 The recent introduction of automated image analysis systems has meant that researchers and clinicians can objectively and quantitatively assess the changes that lead to glaucoma. Optical coherence tomography (OCT), initially temporal domain and more recently spectral, or Fourier, domain, achieves a quantitative analysis of the morphology of the papilla and RNFL. These techniques have shown a high capacity to diagnose glaucoma by comparing measurements in the eye examined with normative databases.
The high proportion of RGCs present at the level of the macula led Zeimer et al. 7 to propose macular thickness as an early indicator of glaucomatous damage. However, in subsequent studies, its diagnostic capacity proved limited. [8] [9] [10] The new segmentation software designed for spectral-domain OCT enables the independent measurement of each of the retinal layers most affected by glaucoma at the macular level: the nerve fiber layer, the ganglion cell layer (GCL), and the internal plexiform layer, which, respectively, contain the ganglion cell axons, cell bodies, and dendrites.
This study was designed to compare the capacity of the new segmentation Spectralis OCT (Heidelberg Engineering, Inc., Heidelberg, Germany) prototype software to discriminate between healthy subjects and patients with suspected glaucoma. This capacity was also compared with that shown by the more conventional analysis of retinal nerve fibers at the peripapillary level. To the best of our knowledge, this is the first study to address the use of this new software in glaucoma suspects.
METHODS
Thirty-eight glaucoma suspects and 38 age-matched healthy subjects were recruited from June 2013 to January 2014 for this cross-sectional study. The study protocol received institutional review board approval and adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained from all participants.
For both the patient and control groups, eligibility was determined after a complete ophthalmologic examination, including visual acuity, slit lamp examination of the anterior segment, IOP, a dilated fundus examination, and visual field testing using the Humphrey Visual Field Analyzer implementing a Swedish Interactive Threshold Algorithm Standard strategy (Carl Zeiss Meditec, Dublin, CA, USA). If fixation losses were greater than 20% or false-positive or false-negative rates were greater than 15%, the test was repeated. A normal standard automated perimetry (SAP) result was defined as visual field indices (mean deviation and pattern SD) within 95% confidence limits, with fewer than three nonedge contiguous points within the same hemifield identified as significant (P < 0.05) in the pattern deviation plot, and glaucomatous hemifield test results within normal limits.
All participants had to meet the following inclusion criteria: a best-corrected visual acuity of greater than 20/40, refractive error of less than 5 spherical diopters and 2 diopters of cylinder, transparent ocular media (nuclear color/opalescence, cortical or posterior subcapsular lens opacity <1) according to the Lens Opacities Classification System III system, 11 and an open anterior chamber angle. The exclusion criteria were having undergone intraocular surgery within 3 months before inclusion in the study, having diabetes, a history of eye or neurological disease, use of medication that could affect visual field sensitivity, and any disability, mental or other, that could prevent the correct understanding of the information needed for informed consent.
A glaucoma suspect was defined as showing a glaucomatous-appearing optic disc, an elevated IOP (>21 mm Hg), and a normal SAP result. A subject was classified as healthy if the appearance of the optic nerve disc was normal, IOP was lower than 21 mm Hg, and the SAP result was also normal.
When both eyes fulfilled the study's inclusion criteria, the data for only one randomly selected eye were entered in the analysis.
Optical Coherence Tomography
All subjects were examined using the ''fast macular cube'' and ''RNFL'' protocols of the Spectralis OCT.
Images were acquired using image alignment eye-tracking software (TruTrack; Heidelberg Engineering) to obtain perifoveal volumetric retinal scans comprising 25 single horizontal axial scans (scanning area: 666 mm 2 centered at the fovea). Segmentation of the retinal layers in single horizontal foveal scans was performed automatically using new prototype software for the Spectralis OCT ( Fig. 1 ) to give the three measurements: RNFL, GCL, and GCC (GCL þ inner plexiform layer). We selected the retinal thickness map analysis to display numeric averages of the measurements for each of nine subfields as defined by the Early Treatment Diabetic Retinopathy Study (ETDRS) (Fig. 2) . The inner, intermediate, and outer rings of diameters 1, 3, and 6 mm, respectively, were considered for the analyses. The average of all points within the inner 1-mm radius circle was defined as central foveal thickness. The intermediate ring is divided into four zones designated as inner superior, inner nasal, inner inferior, and inner temporal; and the outer ring designated into outer superior, outer nasal, outer inferior, and outer temporal. The numerical values recorded for each of the nine zones were used in the analyses.
Peripapillary RNFL thickness measured around the disc in a circular 3.5-mm diameter 768 A-Scan was also determined in all subjects using the instrument's RNFL protocol. The RNFL thickness (from the inner margin of the internal limiting membrane to the outer margin of the RNFL layer) was automatically segmented using the Spectralis device software. Correction for fovea-disc orientation (FoDi) is incorporated in the software. While scanning with the FoDi software, an internal fixation point is provided for the subject. If the subject achieves foveal fixation, scan disc torsional status is guided by its intersection with the papillo-macular bundle. This intersection is considered the middle of the temporal sector. The superior, inferior, and nasal sectors are then consecutively arranged. In all cases, it was checked that foveal fixation was adequate.
An online tracking system was used to compensate for eye movements. The variables recorded were mean RNFL thicknesses in each of the six zones: superotemporal, superonasal, nasal, inferonasal, temporal, and inferotemporal. All scans were performed by the same experienced operator. No manual correction was applied to the OCT output. An internal fixation target was used to provide the highest reproducibility, as reported elsewhere. 12 The quality of the scans was assessed before analysis and poor-quality scans were rejected. The Spectralis OCT uses a blue quality bar in the image to indicate signal strength. The quality score range is 0 (poor quality) to 40 (excellent quality). Only images scoring higher than 25 were included. The Spectralis software version used was 5.4b.
Statistical Analysis
Average mRNFL, GCL, GCC, and pRNFL thicknesses were compared between normal and glaucoma-suspect eyes using the Student's t-test for independent samples. The diagnostic capacity of each variable to differentiate between normal and glaucoma-suspect eyes was determined by calculating the area under the receiver operating characteristics (ROC) curve (AUC). The ROC curve shows the trade-off between sensitivity and specificity (false-positive rate). An AUC of 1.0 represents perfect discrimination, whereas an AUC of 0.5 represents chance discrimination. Differences between the ROC curves were tested to compare AUCs using the Hanley-McNeil method. 13 The sensitivity, specificity, positive predictive values, and negative predictive values of each variable varying significantly between the two subject groups were also calculated.
At least 33 patients had to be included in each group to detect a 4-lm difference in mRNFL thickness between groups for a statistical power of 80%, significance level of 5%, and assuming SDs of 5.9 and 5.6 mm Hg. 14 Thus, 40 patients were enrolled in each group, although two subjects per group had to be withdrawn due to segmentation artifacts in their OCT images, leaving a final study population of 38 individuals per group. All statistical tests were performed using SPSS version 21 (SPSS, Inc., Chicago, IL, USA) and MedCalc version 12.7 software (MedCalc software, Ostend, Belgium). Significance was set at P less than 0.05.
RESULTS
Mean ages 6 SD were 65.8 6 13.6 years (range, 30-91) for the control subjects and 64.9 6 12.0 years (range, 36-88) for the glaucoma suspects (P ¼ 0.742). Mean visual field deviation was 0.05 6 0.9 dB in the healthy subjects and 0.12 6 1.4 dB in the glaucoma suspects (P ¼ 0.348).
The mRNFL, pRNFL, GCL, and the GCC thickness measurements are provided in Table 1 . Only the mRNFL measurements inner inferior (P ¼ 0.003), outer inferior (P ¼ 0.017), and inner temporal (P ¼ 0.010) varied significantly between the two groups, with glaucoma suspects showing thinner values than the control subjects.
Sensitivities, specificities, positive and negative predictive values, and AUCs for the mRNFL, pRNFL, GCL, and GCC measurements are shown in Table 2 . The variables featuring the larger AUCs were inner inferior (0.742), outer inferior (0.660), and inner temporal (0.651) mRNFL thicknesses. The best parameter for each of the other analyses were as follows: inner inferior GCL thickness (AUC ¼ 0.559), inner temporal GCC thickness (0.529), and temporal pRNFL thickness (0.595) (Fig. 3) . The AUC recorded for inner inferior mRNFL thickness was significantly higher than the areas obtained for the most discriminatory GCL (inner inferior, P ¼ 0.022), GCC (inner temporal, P ¼ 0.004), and pRNFL (temporal, P ¼ 0.042) measurements (Table 3) .
For the mRNFL thickness measurements, the cutoff offering best sensitivity (71.0%) and specificity (68.4%) in the inner inferior zone was 28 lm. This meant that eyes with an inner inferior mRNFL thickness below this value showed a 69.2% likelihood of incipient glaucoma (positive predictive value). In contrast, a patient with an inner inferior mRNFL thickness above this cutoff had a 70.3% probability of not having glaucoma (negative predictive value).
DISCUSSION
In the field of glaucoma, interest in measuring macular thickness has recently mounted. The reason for this is that a high proportion of RGCs occur at the macula, and during glaucoma progression this could determine macular thinning. However, macular thickness has not proved to be a reliable prognostic marker of glaucoma and is also affected by other diseases involving the central retinal zone, whose prevalence, as for glaucoma, increases with age. This has meant that overall macular thickness measurements are no longer a component of the diagnosis of glaucoma.
Ishikawa et al. 15 developed a prototype software package to selectively analyze the internal retinal layers based on images obtained through time-domain OCT. These authors showed that inner retinal measurements offered a similar diagnostic power to the study of the peripapillary nerve fiber layer in terms of discriminating between patients with glaucoma and healthy controls. This diagnostic capacity also was improved over that of overall macular thickness. Subsequent to this, Tan et al. 16 obtained similar results in glaucoma suspects. However, the limited resolution of time-domain OCT prevented any further advances in this type of analysis.
Developments in this field have led to a high reproducibility of morphometric macular measurements using spectraldomain OCT, which offers improved resolution over the time-domain technique. Many OCT instruments currently on the market allow for a detailed study of the different macular layers, although, depending on the model, segmentation of the different layers is differently achieved. Thus, the Cirrus OCT (Carl Zeiss Meditec) examines the ganglion cell layer together with the internal plexiform layer, and the RTVUE OCT (Optovue, Inc., Fremont, CA, USA) analyzes the whole GCC (GCL þ internal plexiform layer þ RNFL). Using software presently under development, the Spectralis OCT conducts measurements individually on each of the three layers of the complex. To date, however, this type of ganglion cell analysis has not shown an improved diagnostic capacity over the study of the RNFL at the peripapillary level. [17] [18] [19] In the present study, we observed that using the new macular segmentation software of the Spectralis OCT, nerve fiber layer thickness measurements at the level of the macula performed better than the other algorithms to discriminate between healthy subjects and glaucoma suspects. These findings are consistent with the observations made by Kotera et al., 14 who, using the Topcon 3D-OCT-1000 (Topcon Corp., Tokyo, Japan) also detected differences between healthy subjects and glaucoma suspects in some zones of the macular RNFL. However, similar differences also were found in thickness measurements such as RNFL þ GCL þ inner plexiform layer, overall macular thickness, and pRNFL. These differences between the two studies could be related to the fact that the Topcon OCT semiautomatically delineates the macular layers and the border between the internal plexiform and internal nuclear layers is manually defined, whereas the Spectralis OCT automatically defines the different layers using an algorithm. Differences in axial resolution and image capture velocity (27,000 vs 40,000 A-scans/s) also may explain the different findings of the two studies.
Using the FoDi alignment software of the Spectralis OCT, it can be checked that foveal fixation of the individual under test is adequate. There is currently much controversy over the repercussions on RNFL thickness measurements of scan disc torsion during image acquisition. In the present study, an internal fixation point in the device was used and the correct foveal fixation of the subject was verified. All individuals þLR, positive likelihood ratio; ÀLR, negative likelihood ratio; PPV, positive predictive value; NPV, negative predictive value; Sp 80%, sensitivity for a specificity fixed at 80%; Sp 90%, sensitivity for a specificity fixed at 90%.
showed adequate foveal fixation so that subsequent image modification was not required. In this way, we can avoid possible examiner effects when acquiring data.
The present data seem to indicate that the first detectable changes produced at the initial stages of glaucoma occur at the level of the macular nerve fiber layer containing the ganglion cell axons. In contrast, modifications in the layer containing the ganglion cell bodies and the internal plexiform layer containing dendrites seem to occur at a later stage. This rationale is in agreement with histological findings that indicate that most cell body death occurs after axon degeneration. [20] [21] [22] [23] However, these findings need to be confirmed in longitudinal studies designed to confirm the timing of these events. Given that our study was cross-sectional, we cannot really be sure which layer will be first affected nor if all patients included as glaucoma suspects with mRNFL alterations will eventually develop glaucoma. The present lack of a normative database for the prototype software used means it is unknown in which percentage of patients the mRNFL will be already affected when GCL or GCC measurements are still within the normal range.
The topography of the defects observed here is also consistent with the information available in the literature. At the level of the pRNFL, the superior and inferior zones showed best diagnostic performance. At the macular level, defects also were detected in these zones such that the variables returning significantly greater areas under the ROC curve were inner inferior and outer inferior mRNFL thickness.
In conclusion, our findings indicate that macular RNFL thickness shows an improved capacity to discriminate between healthy subjects and glaucoma suspects over that shown by other inner retinal layer measurements. The macular nerve fiber layer thickness differences detected between the two groups of subjects could reflect the axon degeneration that occurs during the course of glaucoma. This degeneration will subsequently lead to retinal ganglion cell death. 
